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Edited by Peter BrzezinskiAbstract Leaves and chloroplasts from Arabidopsis plants with
increased amounts of PsbS protein showed the same percentage
increase in nonphotochemical quenching in comparison to the wild
type both in the presence and absence of zeaxanthin. The absorp-
tion change at 525–535 nm was also more pronounced in both
cases. It is suggested that PsbS alone can cause the quenching,
supporting the model in which zeaxanthin acts as an allosteric
activator and is not the primary cause of the process. It is pro-
posed that PsbS acts as a trigger of the conformational change
that leads to the establishment of nonphotochemical quenching.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Nonphotochemical quenching (NPQ) is the process by
which excess excitation energy absorbed by the light harvesting
antenna of oxygenic photosynthetic organisms is converted
into heat, thereby providing photoprotection [1,2]. In plants
and algae, the major fraction of NPQ is known as qE; it is
dependent upon the increase in pH diﬀerence across the thyla-
koid membrane (DpH) across the thylakoid membrane that oc-
curs upon light saturation of linear photosynthetic electron
transport and it correlates with the activation of the xantho-
phyll cycle [3]. In this cycle violaxanthin bound by the light
harvesting antenna is de-epoxidised to zeaxanthin. This latter
xanthophyll has been proposed to be an acceptor of excitation
energy transferred from chlorophyll and thereby a direct
quencher in NPQ [4,5]. In higher plants, the photosystem II
subunit S (PsbS) protein plays a pivotal role in NPQ: its elim-
ination by mutation strongly reduces qE [6]. The results of site-
directed mutagenesis of PsbS have suggested that this protein
possesses key proton binding sites which provide the primary
mechanism by which the plant senses the increase in the
DpH [7]. The mechanism by which PsbS exerts this strong reg-
ulatory eﬀect on NPQ is not known. It has been suggested that
it provides the site of quenching, the twofold symmetry ofAbbreviations:NPQ, nonphotochemical quenching; PsbS, photosystem
II subunit S; DpH, pH diﬀerence across the thylakoid membrane;
LHCIIb, main light harvesting complex of PSII; DTT, dithiotheitol
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doi:10.1016/j.febslet.2006.03.005PsbS giving it two proton-active domains and two zeaxanthin
binding sites, and thereby two quenching sites [8]. Evidence to
support this idea has come from the observation of the binding
of zeaxanthin to PsbS in vitro [9]. Interestingly, the binding of
zeaxanthin to PsbS gives rise to a strong red shift in the
absorption spectrum, providing an explanation of the DA535
which is strongly correlated with NPQ and which has been
shown to at least partially arise from a sub-pool of red-shifted
zeaxanthin [10].
An alternative explanation of the role of zeaxanthin and
PsbS is that they both act indirectly, regulating a quenching
site which is intrinsic to the antenna complexes – the alloste-
ric model for NPQ [11]. Such quenching would arise from a
conformational change that results in an alteration in pig-
ment conﬁguration within the complex, creating a quenching
interaction between bound pigments. Such conﬁgurational
changes were recently reported in crystals of the main light
harvesting complex main light harvesting complex of PSII
(LHCIIb) [12]. Evidence that zeaxanthin acts indirectly as a
modulator of NPQ is provided by the occurrence of rapidly
relaxing, DpH-dependent NPQ in the absence of zeaxanthin
and antheraxanthin [13,14]. The presence of zeaxanthin in-
creases the DpH sensitivity of NPQ, but not its magnitude
[13,15]. Similarly, for induction of quenching in isolated
LHCIIb, zeaxanthin promotes quenching, increasing the rate
of formation of the quenched state [14]. In such an allosteric
NPQ model, PsbS could act in a variety of ways – as the
binding site of protons and/or zeaxanthin and/or as a catalyst
of the conformational change in an interacting antenna com-
plex [11]. Consistent with the latter suggestion, there are some
observations that indicate that PsbS has a role in membrane
organization.
The rapidly-forming quenching that is observed in the ﬁrst
few seconds of illumination of dark-adapted leaves occurs in
the absence of zeaxanthin. Upon a second illumination, after
accumulation of zeaxanthin, this rapid phase of quenching is
much larger [14]. Such ampliﬁcation of NPQ is explained by
the allosteric eﬀect of zeaxanthin, lowering the DpH require-
ment. However, contrary to this idea, it is widely claimed that
the NPQ that occurs in the absence of zeaxanthin must arise
from an alternative mechanism, possibly even in the reaction
centre of PSII [16]. However, this rapidly forming NPQ is
abolished in the npq4 mutant that is totally lacking PsbS, indi-
cating that both zeaxanthin-dependent and zeaxanthin-inde-
pendent quenching are controlled by PsbS.
The availability of plants in which the level of PsbS is en-
hanced by over-expression of the psbS gene provides a new
way to test the allosteric model for the role of zeaxanthin inblished by Elsevier B.V. All rights reserved.
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NPQ, but no information is available on the crucial question
of whether an increase in PsbS is associated with both the zea-
xanthin-dependent and zeaxanthin-independent NPQ: if
quenching was enhanced only in the presence of zeaxanthin
it would provide support for the hypothesis that a PsbS/zea0 200 400 600 800
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Fig. 1. Fluorescence induction traces of Arabidopsis leaves (A–D) and isolate
DTT inﬁltrated leaves. Actinic light intensity was 1000 lmol m2 s1; for chl
acceptor; wt, wild type; L17 – the PsbS overexpressing line.complex was a direct quencher. Conversely, if PsbS enhanced
all DpH-dependent NPQ it would discount a direct role for
zeaxanthin and provide strong support for the allosteric model
for NPQ. In order to distinguish these two hypotheses, in this
paper we describe an investigation of the eﬀect of increased
PsbS on NPQ in the presence and absence of zeaxanthin.0 200 400 600 800
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d intact chloroplasts (E,F). (A,B) water inﬁltrated leaves; (C,D) 3 mM
oroplast measurements 100 lMmethylviologen was used as an electron
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Arabidopsis thaliana, cv Columbia and PsbS overexpressing (L17)
lines derived from it [17] were grown for 8–9 weeks in Conviron plant
growth rooms with an 8-h photoperiod at a light intensity of
200 lmol quanta m2 s1 and a day/night temperature of 22/15 C. In-
tact chloroplasts were prepared by homogenizing fresh leaf tissue in
ice-cold grinding medium (330 mM sorbitol, 5 mM MgCl2, 10 mM
Na4P2O7 (pH 6.5), 2 mM iso-ascorbate) with a Polytron. The homog-
enate was then ﬁltered through four layers of muslin followed by two
layers of muslin and one layer of cotton wool. The ﬁltrate was centri-
fuged for 20 s at 5000 · g. The chloroplast enriched pellet was washed
by the wash buﬀer (330 mM sorbitol, 10 mMMES, pH 6.5) and resus-
pended in the resuspending medium (330 mM sorbitol, 10 mM KCl,
5 mM MgCl2 and 50 mM HEPES, pH 7.6). The resuspended sample
was applied to a 2 cm Percoll cushion and centrifuged for 5 min at
3000 · g. The pellet was then resuspended with a small volume of
resuspension medium and put on ice.
The composition of carotenoids was determined as described by Ru-
ban et al. [18] with the modiﬁcations described by Andersson et al. [19].
To avoid violaxanthin de-epoxidation, leaves were inﬁltrated with a
5 mM dithiotheitol (DTT) solution. 1 mM DTT was added to intact
chloroplast suspensions during ﬂuorescence induction measurements
in the absence of added ascorbate, the de-epoxidation substrate. This
also resulted in complete inhibition of zeaxanthin and antheraxanthin
accumulation. The chlorophyll concentration was measured using the
method of Porra et al. [20].
Chlorophyll ﬂuorescence analyses of detached leaves or isolated in-
tact chloroplasts were carried out using a Walz PAM101 ﬂuorimeter.
For the latter, the sample chamber used was equipped with a stirrer
and a 9-aminoacridine ﬂuorescence detection system for the simulta-
neous measurement of chlorophyll ﬂuorescence and DpH, as described
by Noctor and Horton [21]. Absorption measurements were performed
using an Aminco DW2000 dual wavelength spectrophotometer, as de-
scribed previously [22].Fig. 2. Time course of NPQ for water inﬁltrated (closed symbols) and
DTT inﬁltrated (open symbols) Arabidopsis leaves of wild type (wt)
and PsbS overexpressing (L17) plants. NPQ was calculated as
F m  F 0m=F 0m, where Fm is the dark adapted value and Fm 0 that
recorded during illumination. Each data point is the mean of six
replicates, two leaves from three plants, ±S.E.M.3. Results and discussion
Fluorescence induction curves recorded on leaves are shown
in Fig. 1A–D. As expected from previous results [17], the con-
trol water-inﬁltrated leaves (Fig. 1A and B) showed rapidly
forming NPQ, which was larger in the PsbS overexpressor
(L17) than in the wild type (wt). The majority of this quench-
ing reversed rapidly at the end of the illumination, indicating
that it was the DpH-dependent qE-type of NPQ. As reported
by Nyogi et al. [17], the L17 plants have 5-fold elevation of
the content of PsbS protein (data not shown). DTT is well-
known for its inhibitory eﬀect on violaxanthin de-epoxidationTable 1
Carotenoid composition of leaves and chloroplasts from wild type and PsbS
Lut Ant Zea
Leaves
Wt dark 15.2 ± 0.11 0.0 0.0
Wt light 15.5 ± 0.03 1.2 ± 0.05 0.61 ±
Wt, light + DTT 14.0 ± 0.11 0.0 0.0
L17 dark 14.7 ± 0.29 0.0 0.0
L17 light 15.0 ± 0.35 1.2 ± 0.07 0.60 ±
L17 light + DTT 14.7 ± 0.13 0.0 0.0
Chloroplasts
Wt dark 14.1 ± 0.15 0.0 0.0
Wt light 14.5 ± 0.09 0.0 0.0
L17 dark 14.8 ± 0.89 0.0 0.0
L17 light 13.9 ± 0.70 0.0 0.0
Samples were taken from leaves and isolated chloroplasts, either before or
chlorophyll a + b molecules and are means ± S.E.M. from six replicates. Wt
respectively. Neo, Vio, Ant, Lut, Zea, and b-car: neoxanthin, violaxanthin,and for its consequent inhibition of part of NPQ [3,13]. Inﬁl-
tration with DTT caused a reduction in NPQ in both wt as well
as L17 (Fig. 1C and D), but it appeared that the level of NPQ
was still higher in L17. In both cases, the quenching again rap-
idly reversed in the dark, in fact more rapidly than in the ab-
sence of DTT. Calculation of NPQ values showed that
steady state levels were reached in all cases, and the maximum
values in the absence of DTT were 1.9 and 3.6 for the wild-type
(wt) and PsbS overexpressor (L17), respectively (Fig. 2).
Remarkably, in the presence of DTT the level of NPQ in
L17 was also much higher than that of the wt (1.2 vs. 0.65).
In fact, in both the presence and absence of DTT, the propor-
tional increase in NPQ in L17 over the wt was almost the same.
The data in Figs. 1 and 2 cannot be explained by diﬀerences
in violaxanthin de-epoxidation in the L17 and wt. The levels ofoverexpressing Arabidopsis plants
Neo Vio b-Car
5.2 ± 0.04 3.0 ± 0.16 9.0 ± 0.09
0.03 5.1 ± 0.11 1.3 ± 0.07 9.1 ± 0.25
4.9 ± 0.09 3.0 ± 0.21 9.7 ± 0.36
5.1 ± 0.04 3.1 ± 0.06 9.1 ± 0.18
0.03 5.3 ± 0.16 1.4 ± 0.07 10.1 ± 0.16
4.7 ± 0.08 3.1 ± 0.21 9.4 ± 0.25
5.0 ± 0.07 3.4 ± 0.17 9.5 ± 0.08
4.9 ± 0.11 3.0 ± 0.07 10.0 ± 0.18
4.9 ± 0.24 2.9 ± 0.20 9.8 ± 0.14
5.3 ± 0.05 3.1 ± 0.06 10.0 ± 0.25
after illumination, as shown in Fig. 1. Data are normalized to 100
and L17 correspond to the wild type and PsbS overexpressor plants,
antheraxanthin, lutein, zeaxanthin, and b-carotene, respectively.
Fig. 4. Light intensity dependence of the 9-aminoacridine ﬂuorescence
quenching as a measure of the DpH across the thylakoid membrane in
isolated intact chloroplasts. Closed symbols, wild type; open symbols,
PsbS overexpressor. Inset: kinetic trace of the DpH formation and
recovery using the illumination conditions as for Fig. 1 EF.
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extents of violaxanthin de-epoxidation in the course of induc-
tion were around 40% (Table 1). Pigment analysis clearly
shows total absence of zeaxanthin as well as antheraxanthin
in the presence of DTT (Table 1, Fig. 3).
The observations presented in Fig. 1 clearly show that an in-
crease in PsbS can enhance NPQ in the complete absence of
zeaxanthin or antheraxanthin. This indicates that the xantho-
phyll cycle cannot play a direct role in the PsbS-dependent
form of NPQ; instead its role must be an indirect, regulatory
role as was previously suggested [11,23,24]. In order to get fur-
ther insights into the causes of the larger NPQ in the PsbS
overexpressing plants intact chloroplasts were isolated and
NPQ as well as the extent of the DpH across the thylakoid
membrane were measured. The plants were dark adapted prior
to chloroplast isolation and there was no detectable anthera-
xanthin or zeaxanthin in either sample (Table 1). Illumination
did not cause any de-epoxidation because of the presence of
DTT and the absence of added ascorbate. NPQ in L17 chloro-
plasts was found to be larger than those isolated from the wild
type plants (Fig. 1E and F). In chloroplasts it is possible to
estimate the size of the DpH across the thylakoid membrane
by analyzing the quenching of 9-aminoacridine ﬂuorescence
– this is important since DpH is the primary trigger of NPQ,
and diﬀerent levels in L17 and wt could in principle explain
the diﬀering extents of NPQ. However, Fig. 4 shows that the
extent of quenching of 9-aminacridine ﬂuorescence at all light
intensities is the same in chloroplasts from the wt (closed sym-
bols) or L17 (open symbols) plants. It is clear that the DpH
generated in the chloroplasts of PsbS overexpressing plants
and those of the wild type is the same and that the increase
in PsbS leads to more NPQ for the same level of DpH.
We conclude that since zeaxanthin is not necessary for the
action of PsbS in NPQ, this protein is unlikely to be a site of
direct quenching of chlorophyll excited states. Therefore, it
can be hypothesized instead that PsbS acts not only as a pro-1 2 3 4 5 6
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Fig. 3. HPLC chromatograms of leaf extracts from wild type (wt) and
PsbS overexpressing (L17) Arabidopsis plants. d, dark adapted leaf; l,
illuminated leaf (as in Fig. 1); l+DTT, illuminated DTT-inﬁltrated leaf.
Neo, Vio, Ant, Lut, Zea, neoxanthin, violaxanthin, antheraxanthin,
lutein, zeaxanthin, respectively.ton receptor, as suggested by Li et al. [8], but also as the trans-
ducer of a signal into the LHCII antenna, causing the
conformational change that results in a quenching conﬁgura-
tion of bound chlorophylls. The only known method to mon-
itor the conformational change associated with NPQ in vivo is
to measure the accompanying change in absorption in the re-
gion 520–540 nm [22,25]. NPQ has been consistently correlated
with the amplitude of a positive broad absorption band in this
region [22,26]. At least a part of this change, a band at 535 nm,
was attributed to a pool of red-shifted zeaxanthin [10]. The rest
of the absorption is blue-shifted towards 520–525 nm [26].
Light-minus-recovery diﬀerence absorption spectra were re-
corded for leaves of wt and L17 both with and without zeaxan-
thin (Fig. 5A). In the presence of zeaxanthin the absorption
maximum is around 532 nm, whereas for leaves deﬁcient in
zeaxanthin, the maximum is positioned around 525 nm. This
shift to the blue was found previously when comparing spinach
chloroplasts with and without zeaxanthin [26]. The amplitudes
of both the absorption changes were enhanced in PsbS over-
expressing plants. This can be clearly seen by monitoring the
corresponding absorption kinetics in both leaves and chloro-
plasts, which contained only violaxanthin (Fig. 5B). Whilst
the absorption at 505 nm, measuring zeaxanthin formation re-
mainedunchanged, absorption at 525 nm(measured asA565–525)
was found to follow the cycles of illumination. It is clear that
the amplitude of the absorption change was signiﬁcantly
higher in L17 compared to wt in the absence of zeaxanthin,
reﬂecting the increase in NPQ. Thus absorption at both 535
and 525 nm is PsbS-dependent and correlated to NPQ. At
present, no investigation of the origin of this shorter wave-
length absorption at 525 nm has been carried out; it may be
equivalent to DA535 nm but related to other bound xantho-
phylls instead of zeaxanthin, such as lutein or neoxanthin, or
it may arise from light-scattering, reﬂecting the alteration in
the state of the grana.
These data point to a rather simple model for the induction
and relaxation of the DpH-dependent component of NPQ.
Lumen acidiﬁcation, PsbS concentration and violaxanthin
de-epoxidation, the three factors regulating NPQ, each exert
AB
Fig. 5. (A) Light-minus-recovery absorption diﬀerence spectra of
leaves from wild type (wt) and PsbS overexpressor (L17) plants
inﬁltrated with water or DTT. (B) Kinetics of light-induced absorption
change A565-minus-A525 nm for isolated chloroplasts (chl) and leaves
(leaf) of the wild type (wt) and PsbS overexpressing (L17) plants. A505,
absorption kinetics A565-minus-A505 nm used as a measure of viola-
xanthin de-epoxidation. Actinic light intensity was 600 lmol m2 s1.
S. Crouchman et al. / FEBS Letters 580 (2006) 2053–2058 2057control, but to diﬀerent extents under diﬀerent conditions. At
saturating DpH (as used here), PsbS exerts control over NPQ,
independently of de-epoxidation. On the other hand, the stim-
ulatory eﬀect of zeaxanthin is dependent upon PsbS being
present. If it is assumed that NPQ arises from a quenched con-
formation of antenna complexes, PsbS interaction with these
complexes is the trigger for the conformational change. Pro-
tonation of PsbS and/or the antenna complexes is the neces-
sary pre-requisite for this interaction. Binding of zeaxanthin
to PsbS or to a PsbS/antenna complex, allosterically locks
the conformation in the quenched state but is not necessary
for forming it. This eﬀect of zeaxanthin results in the marked
reduction in the rate of dark NPQ recovery in the de-epoxi-
dised state (see Fig. 1, compare A, B with C, D; [13,15]).
The protein conformational model readily explains all the data
on the dependency of NPQ on these three factors. On the other
hand, a model in which quenching is dependent directly onexcitation energy transfer to PsbS-bound zeaxanthin can not
explain the data presented in this paper and instead would
necessitate a proposal for heterogeneity in PsbS-dependent
NPQ. Such zeaxanthin-independent NPQ would have the
same sensitivity to PsbS concentration, the same reaction to
NPQ inhibitors and enhancers [26], similar relationships to
absorption changes in the 500–550 nm range and not be addi-
tive to zeaxanthin-dependent quenching [13,15]. Surprisingly,
there is evidence that inactivation of PSII electron transport,
which could be the basis of a diﬀerent type of NPQ occurring
in the reaction centre of PSII, could have at least some of these
characteristics [16].
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